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During the southwest monsoon two upwelling cells are established along the Somali coast, 
one to the south around 4-5<N and the other further north near the tip of the Great Horn of 
Africa around 1O<N. The SSTs over these regions can fall to about 22°C on the average 
during this time. The southern upwelling region is of great importance to the East African 
fishing community since it represents a major fish landing zone. 
The mesoscale structure of the low-level wind field associated with a strong upwelling 
event was investigated. During July 2005 when a strong upwelling event occurred, the 
Somali jet was found to have oscillated at lower frequency of 3-7 weeks than the normal 
bi-weekly mode observed in several studies and the mesoscale winds exhibited high co-
variability with the prevailing SSTs. Strong values of alongshore winds were deduced from 
late June to mid-July. These winds weakened significantly in the third and fourth week of 
JUly. A large off-shore pressure gradient due to differential thermal properties of land and 
sea was also observed. 
The results as discussed in this thesis show that the prolonged active and break periods of 
the Somali Jet results in the acceleration (deceleration) of the alongshore winds. The strong 
alongshore wind stress during a prolonged active period of the jet, which could be 
intensified further by the thermal forcing due to the land-ocean temperature constraints as 
observed by Chao (1985), accelerates the Somali current. The acceleration of this current 
enhances the Ekman pumping resulting into strong upwelling. In the prolonged break 
period the current decelerates turns east and then southwards. 
The high co-variability of the mesoscale winds and SSTs results in the deceleration 
(acceleration) of the winds upstream (downstream) of the upwelling zone leading to 
atmospheric convergence (divergence) respectively. This convergence upstream of the cold 











The quasi-biweekly oscillations of the jet have been found to be related to similar 
oscillations in rainfall over India associated with break and active Indian monsoon phases, 
with cross-equatorial winds being stronger during a strong monsoon than a weak one. 
A correlation has been found between rainfall over the western coast of India and the 
intensity of low-level equatorial winds over Kenya. Further studies have shown that a 
break of the monsoon rain over India occurs when the wind intensity is weak along the 
East African coast. These observations suggest a need to examine the relationship between 
a strong southern Somalian upwelling event, the Indian monsoon and rainfall over the 
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The coastal waters of East Africa contain a wide range of oceanographic environments and 
some of the most dynamically varying large marine ecosystems in the world. The fisheries 
sector is one of the important contributors to the socio-economic development of the East 
African coastal region. The total marine fishery catches in the western Indian Ocean 
increased from a catch of ~0.5 million tonnes in the 1950's to nearly 3.8 million tonnes in 
1992, since when they have declined slightly (F AO Fisheries Circular No. 920 of 1997). 
Fishing takes place mainly over the nutrient rich upwelling regions at about 3-4oN and 10-
12~ along the Somali coast. The former region is of interest to Kenya because it 
constitutes one of the country's major fishing zones. 
Upwelling is a phenomenon that involves upward motion of dense, cooler, and usually 
nutrient-rich water towards the ocean surface, replacing wind-driven warmer, usually 
nutrient-depleted surface water which drifts at an angle to the wind stress just above it 
(Smith, 1968). Ekman (1905) developed theories to explain why the ocean's surface layer 
drifts at an angle to the wind stress just above it. He attributed the apparent deflection to 
the combined effects of the Earth's rotation (Corio lis force) and frictional force due to the 
wind stress (Ekman, 1905). Key to the study of the Ekman transport and in particular 
upwelling in coastal regions, therefore, are accurate descriptions of near surface wind 
fields over the region of study. 
In the Indian Ocean region, upwelling is a process critical to its climate. By all estimates, 
the heat flux into the surface layer of the northern Indian Ocean is positive (Godfrey et aI., 
1995). Godfrey et at. (1995) observed that on the annual average, there is positive heat flux 










The integral of the net heat influx into the Indian Ocean over the area north of 15° S ranges 
between 0.5-1.0 x 10 15 W. Thus, on the annual mean, there must be a net inflow of cold 
water (into the North Indian Ocean), and a corresponding removal of warmed water, to 
carry this heat influx southward, out of the tropical Indian Ocean since Asia bounds the 
North Indian Ocean at low latitude. The Indian Ocean consequently has a unique system of 
three-dimensional currents and interactions with the atmosphere that redistribute heat to 
keep the ocean approximately in a long-term thermal equilibrium. Areas of upwelling 
together with southward Ekman heat transport and inflow of cold water at depth are 
required to balance the surface heat budget. 
The upwelling of cold, nutrient-rich waters over the Somali coast region is essentially wind 
driven. Winds and ocean current off the Somali coast up to the Horn of Africa combine to 
produce upwelling of subsurface water during northern summer. This coastal circulation 
known as the Somali Current forms the northward extension of Southern Equatorial 
Current (SEC) and the East African Coastal Current (EACC) systems. It develops during 
the southwest monsoon to become one of the fastest open-ocean currents in the world. 
During the summer monsoon of 1995, two hydrographic and direct velocity sections were 
occupied over the continental shelf and slope off the coast of Somalia in order to capture 
the flux of this western boundary current. The first section was in early June, just after the 
onset of the monsoon winds, during which time an anticyclonic eddy at the boundary with 
a small net northward transport of 3.5+/-1.5Sv was observed. The second section was 
occupied in mid-September when a strong Somali Current was evident. The strength of the 
current observed was 37+/-5Sv. (Beal et aI., 2003). 
In September, the Somali Current as observed by Beal et al. (2003), extended far into 
shallow coastal waters of less than 200m depth, with speeds over 150cms- l , resulting in a 
considerable transport of 14Sv over the shelf. It has been shown that the volume transport 
of the current can exceed values of 70Sv (Fischer et aI., 1996; Schott et al., 1997) and it 
has been observed to have a speed that increases in a linear fashion with latitude from 170 











The alongshore winds that drive the current are predominantly southwesterly during the 
northern summer, and northeasterly in the austral summer. These winds form part of the 
Somali jet during the southwest monsoon. A relationship exists between the intensity of 
the cross-equatorial wind flow along the East African coast and eastward propagation of 
mid-latitude depressions in the southern hemisphere (Cadet and Desbois., 1981). 
There is some evidence that the jet is forced by low-level divergence in the subtropical 
high pressure belt over the southern Indian Ocean which includes the Mascarene High and 
convergence in the monsoon trough over India (Anderson, 1976; Hart, 1977). These 
synoptic cross equatorial winds over the Somali region are modulated by the movement of 
the Intertropical Convergence Zone (ITCZ), Fig. 1.1, and the East African topography 
(Gatebe et al., 1999). Cadet and Desbois (1981) found that the weakening of the jet was 
related to a wind discontinuity to the east of Madagascar, due to fluctuations of midlatitude 
weather systems to the south which pulse the trade winds, drastically reducing the flow 
into the area of the jet. The orography of the Somali region which rises to an elevation of 
over I km (Fig.1.2) is a crucial element in the intensification of the Somali jet (Bannon, 
1982). 
In sympathy with the strong northern summer monsoon winds (South-Westerlies), an 
offshore drift of surface water is initiated east of the Somali coast. Compensating this 
Ekman transport, an upwelling cell develops. Concurrently the SSTs in the region drop as 
the thermocline is lifted by localized Ekman suction driven by the southwesterly wind 
fields. The upwelling develops off the Somali coast at about 4-1 O~ (southern upwelling). 
As the winds intensify in June/July, a second upwelling appears in the region of 10-12()N 











This upwelling in the northern summer is one of the most intense large-scale seasonal 
coastal upwelling systems in the world. In their observations of the Somali current, 
(Stommel and Wooster, 1965) observed sea surface temperatures of about 13()C in the 
upwelling region. It is estimated that upwelling off the Somali coast is about 12 Sv., which 
corresponds to a subduction of water in the southeastern subtropical Indian Ocean at a 
density less than 25.7 kg m-3, (Karstensen and Quadfasel, 2002). 
A large off-shore temperature gradient at the Somali coast exists in the lower atmosphere 
during the strong southwesterly monsoon when conditions favour active upwelling (see 
Figs.4.12). In addition, the Somali upwelling region is characterized by pronounced 
orographic, topographic, and bathymetric features. 
The synoptic wind patterns of the southwesterly monsoon which are responsible for the 
upwelling in the Somali region are fairly well understood. What is less understood is the 
characteristics of mesoscale wind fields during strong upwelling events over the southern 
upwelling region. A literature review of air-sea interaction research conducted in the East 
African coastal region has revealed gaps in our knowledge. This thesis attempts to address 
some of these gaps. 
This research on the investigation of characteristics of wind fields over the upwelling 
Somali region being undertaken in this thesis has benefited extensively from similar 
investigations done on the Cape Peninsula and other regions of the world as documented in 
Chapter Two. The investigation focuses on the mesoscale characteristics of the near 
surface winds for an identified significant upwelling event over the Somali coast that 
occurred in the last nine years (1999-2007) during the Southwesterly monsoon which will 











The role of mesoscale spatial and temporal variability in wind stress forcing in controlling 
the southern upwelling along the Somali coast in the region 4-1 O~ will be investigated. 
Since understanding of the spatial variability of the local wind fields which results from 
the adjustment of the large scale flow to regional topography and thermal gradients is 
limited by lack of observations, an attempt is made in this study to utilize reanalysed data 
from various data centres. The sea level pressure came from NCEPINCAR, weekly SSTs 
from TMI and weekly wind stress and wind stress curl from QuikSCAT. 
The high resolution weekly mean Sea Surface Temperatures (SSTs) data from the Tropical 
Rainfall Measuring Mission (TRMM) satelIite is utilized to identify the significant 
upwelIing event by extracting SSTs for the region from the global data and creating 
Hovmuller and surface plots. Wind vector plots from QuikSCA T Scatterometer data are 
used to investigate prevailing wind strengths during the event. 
To investigate temporal variability in wind stress at the upwelling region, an inter-annual 
time series of local alongshore wind stress was created by extracting weekly wind stress 
values during the 26 July 1999 - 4 June 2007 period. These data are the CERSA T 0.50 x 
0.50 gridded product (Wentz, 1992). A second time series was created to assess variability 
in a Sea Level pressure Index (SLPI) based on daily reanalysis sea level pressure data with 
a grid of 2.50 x 2.50 from NCEPINCAR for the year during which the significant upwelIing 
event occurred. The SLPI is a measure of the local synoptic across-shore pressure gradient. 
Continuous Wavelet Analysis was then applied to investigate dominant modes of 
variability and how these modes vary in time. This method is discussed further in 
Chapter 3. Weekly wind vector plots for the year corresponding to the significant 
upwelling event were constructed from quikSCA T data and used to investigate the spatial 











This introductory chapter is followed by Chapter Two (Literature Review) which outlines 
similar work already done in other upwelling regions and studies done on the Somali jet, 
coastal currents and the Somali Current. The third chapter outlines the data and 
methodology used. This includes a description of the data and analytical techniques used in 
this thesis. In the fourth chapter, the results are presented whereas chapter five contains the 
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Studies of variations in the marine wind field together with sea surface temperatures were 
accomplished in the 1970's over many wind driven ocean circulation systems [Gill and 
Clark (1974), Halpern (1976), Clancy et al. (1979)]. This development led to significant 
awareness of the dominant role played by wind forcing of surface currents, particularly in 
upwelling regimes (Jury, 1983). 
Studies conducted in areas like Oregon, N. West Africa, and Peru by the Coastal 
Upwelling Ecosystems Analysis (CUE) group showed interesting results concerning air-
sea interactions over upwelling regions. These have included positive correlations between 
the location and intensity of steady alongshore wind maxima and seasonal upwelling 
plumes along the Peruvian coast (Watson, 1978; Moody, 1979). 
Using a centered differencing technique, Nelson (1977) ; Bakun (1973, 1978); and 
Parrish et al. (1981) have studied the relationships between cyclonic wind stress curl and 
enhanced seasonal upwelling along certain portions of the California coast. Areas of 
cyclonic wind stress curl were found to coincide with persistent upwelling plumes of cool 
water, particularly next to large capes or headlands. Along the coasts of Peru and North 
West Africa, Uhart (1976), Watson (1978), Godwin (1979), Moody (1979) and Stuart et al. 
(1981) found that coastal headlands accelerate winds and lead to localized upwelling. 
Wind acceleration by coastal headlands was also suggested by Bang (1973) in his 
description of the current dynamics of the Cape Peninsula upwelling plume. He suggested 
that oceanic momentum, favourable bathymetry and winds accelerated by the Cape 
Peninsula coastal headlands created an intense equatorward flowing current 'jet' at the 
outside of the plume. Similar suggestions were made by Atkins (1970) and Van leperen 












To effectively study the variations of wind fields together with sea surface temperatures 
and upwelling over the Somali coast, a good understanding of the Indian Monsoons, the 
East African Low Level Jet, the Indian Ocean surface currents including the Somali 











2.1 The Indian Monsoons 
Of the three major oceans, Pacific, Atlantic, and Indian, the latter is the only one that is not 
open to the northern high latitude regions. This is a consequence of the presence of the 
Asian landmass restricting the Indian Ocean to the south of about 25°N. The Indian Ocean 
is also the only ocean with a low-latitude opening in its eastern boundary. This unique 
geography has important implications for the oceanic circulation physics and climate of the 
Indian Ocean region. 
The monsoon is the characteristic feature of Indian Ocean climate. The topography of the 
Asian landmass is dominated by the Tibetan Plateau which has an area of about a million 
square kilometres and an average height of about 5 km. The plateau acts as an elevated 
heat source for the atmosphere during the northern summer through uplifting of warm air. 
The warming of the Indian subcontinent during boreal summer, June-August (JJA), creates 
a powerful land-based convection and large scale cross-equatorial flow, characterized with 
winds blowing from the southwest over the Somali region and Arabian Sea, to replace the 
ascending air masses. During this time, the Inter-Tropical Convergence Zone (ITCZ) 
virtually covers the entire Bay of Bengal, the surrounding lands, and the eastern Arabian 
Sea (Figure 2.1). Significant rainfall occurs over a broad zone around 20~, stretching 
northwestward from the Bay of Bengal during the northern summer. Variations of all- India 
summer monsoon rainfall are highly correlated with variation of rainfall over this zone 
which has been called the monsoon zone (Sikka and Gadgil, 1980). 
In the transition period to austral summer, September-November (SON), the continent 
cools faster than the sea. By boreal winter, December-February (DJF), the Asian landmass 
is cooler than the ocean to the south and the winds reverse to form the northeast monsoon, 
consequently rainfall over the Indian monsoon zone drastically reduces (Parthasarathy et 
al. 1992, 1995). During this time the ITCZ is located primarily in the southern hemisphere. 
These seasonal reversals of winds and rainfall intensity over the monsoon zone are two of 
the characteristic elements of the well known Indian or southwest monsoon (Krishnamurti 











Over 300 years ago, Halley (1686) suggested that the primary cause of the monsoon was 
the differential heating between ocean and land, thus the monsoon was considered to be a 
gigantic land-sea breeze. This is still considered to be the basic mechanism for the 
monsoon by several scientists (e.g.; Webster 1987). The second hypothesis is that in which 
the monsoon is considered as a manifestation of the seasonal migration of the lTCZ (e.g.; 
Charney 1969) or the equatorial trough (e.g.; Riehl 1954, 1979). The discussion of these 
two hypotheses is beyond the scope of this thesis but suffice to note that Simpson (1921) 
pointed out that India is much hotter in May before the monsoon sets in than in July when 
it is at its height, thus showing that observations are not consistent with the first 
hypothesis. The alternative hypothesis in which the monsoon is considered to be a 
manifestation of the seasonal migration of the ITCZ is also not acceptable to some 
scientists. For example Murakami (1987) pointed out that the latitudinal extent of the 
region characterised by low values of out going long wave radiation (OLR) is much larger 
over the Indian longitudes in the Northern Hemispheric summer than that characterizing 
the ITCZ over the Atlantic and Pacific (Fig. 2.2) and suggested that "the ITCZ over the 
Indian Ocean changes its existence drastically from winter to summer." However both 
hypotheses have been used to investigate the behaviour of the monsoon. 
The elements of the monsoon system were well described by Krishnamurti el al. (1976) to 
consist of the monsoon trough over northern India that is part of the global equatorial 
trough of the northern summer season; the Mascarene high, a high pressure area near the 
Mascarene Islands east of Madagascar; a low-level cross-equatorial jet or the Somali Jet 
(Findlater, 1969); the Tibetian high that is known to have its largest amplitude near 200mb 
during the northern summer (also see Krishnamurti and Rogers, 1970; Krishnamurti, 1971; 
Krishnamurti et aI., 1973); a Tropical Easterly Jet near 150mb with winds of roughly 80-
100knots; monsoon cloudiness, cloud cover over the monsoon zone; monsoon rainfall over 












The monsoon has been seen to undergo both interannual and intraseasonal variations. 
There has been considerable work on documenting the nature of these variations of the 
monsoon and their interrelationships [e.g.; Ramamurthy 1969, Krishnamurti and Bhalme 
1976, Sikka and Gadgil 1980, Ferranti et al. 1997, Goswami et al. 1998, Lawrence and 
Webster 2001, Sperber et al. 2000]. However, the processes that lead to the fluctuation 
between active and weak spell or breaks are yet to be understood. 
In their study of the oscillations of the monsoon, Krishnamurti et al. (1976) observed bi-
weekly oscillations in all the nine elements of the monsoon. In his observational studies of 
the monsoon, Murakami (1976) noted both 5-day and 15-day oscillations in the pressure 
and motion fields. 
In their study of daily satellite imagery over the Indian longitudes, Sikka and Gadgil 
(1980) showed that the cloud band over the Indian subcontinent on an active monsoon day 
is strikingly similar to that characterizing the !TCZ over other parts of the tropics. Sikka 
and Gadgil (1980) also pointed out two important features of the variation of the 
cloudbands over the Indian longitudes during the summer, the presence of two favourable 
locations for the cloudbandslITCZ with one over the heated subcontinent and the other 
over the warm waters of the equatorial Indian Ocean. 
They noted that a prominent feature of the intraseasonal variation is northward propagation 
of the c10udbands from the equatorial Indian Ocean into the Indian monsoon zone at 
intervals of 2-6 weeks. These cloud bands occur farther and farther northward in the onset 
phase and more and more southward in the retreat phase. 
The East African Low-Level jet or the Somali Jet is an important monsoonal element as 











2.2 East African Low Level (Somali) Jet 
The low-level cross-equatorial jet is a crucial element of the Indian monsoon and has been 
the focus of several modelling studies, including Krishnamurti et al. (1976); Krishnamurti 
et at. (1982); Anderson (1976); Hart (1977) and Bannon (1979, 1982). The jet represents 
by far the largest time-mean low-level cross-equatorial flow at any longitude and time of 
the year and may be expected to transport not only moisture but also negative potential 
vorticity from southern hemisphere to northern hemisphere ( Rodwell and Hoskins, 1995). 
The structure of the low-level monsoon winds over the Indian Ocean during July consists 
of three elements: the Southeast trades of the Southern Hemisphere; a strong narrow cross-
equatorial flow over East Africa and the western edges of the Indian Ocean; and the 
southwest monsoon over the Arabian Sea. Together these components are often 
collectively called the East African Jet or Findlater Jet or Somali jet (Bannon, 1982). This 
jet forms on the western boundary of a broad cross-equatorial current of moisture-laden air 
which feeds directly into the Indian peninsula during the southwest monsoon and has been 
found to exhibit variability over a broad range of timescales (Find later (1969), Ardanuy 
(1979), Bannon (1979b), Cadet et at. (1981) and Rao et al. (1982)). The jet has a strong 
annual cycle while the Asian monsoon, to which it is connected, evolves. The jet axis 
progresses steadily to the northwest as the summer monsoon circulation develops. By June, 
the low-level jet axis is located directly over the horn of northeast Africa (Findlater, 1971). 
From observational aspects of the Somali Jet (Findlater, 1977), its major features can be 
summarised as follows. The origin of the jet lies over the South Indian Ocean in the South 
East Trades with typical speeds of S-1 Oms-I. Following the flow westwards, a relative wind 
speed maximum occurs just north of the tip of Madagascar with a zone of calm winds to 
the west of the island. The jet crosses the equator as a strong southerly flow. There, the jet 
core is at an altitude of I.S-2.0 Km. and reaches its maximum speed of about ISms- 1 near 
S~. The flow is laterally bounded in the west by the East African Highlands. Further 











The mean sea-level pressure field associated with the flow is shown in (Fig.2.S). In the 
Southern Hemisphere, the subtropical high-pressure cell, the Mascarene High, dominates 
while the Monsoon Trough extends across South Asia in the Northern Hemisphere. The 
isobars in the figure depict a strong ridge over East Africa and a trough is present over 
northern Somalia. Analysis of wind data reveals a minimum in wind speed near the equator 
yet there is no equatorial trough present in the pressure field. 
Bannon (1979a) showed that the jet is a result of the interplay between the inertial and 
coriolis force, surface friction and weak subsidence. He further noted that the inner shear 
of the jet is produced locally by bottom friction acting in conjunction with the sloping 
coastal orography and that in order for the easterly flow south of the equator to change into 
westerly, north of the equator, convergence of the flow must occur at the transition latitude 
and the meridional mass flux must vanish. The differential surface drag between land and 
sea is important in the eastward displacement of the jet core (Bannon, 1979a). 
Using monthly mean winds, Findlater (1971) showed that the jet splits into two branches 
over the Arabian Sea (Fig. 2.4), one branch passing southeastwards towards Sri Lanka and 
the other eastwards through peninsular India. This split was attributed to barotropic 
instability (Krishnamurti et at., 1976; Murakami et aI., 1970). This was however disproved 
by Joseph and Sijikumar (2004) who suggest that such analysis as used by Findlater (1971) 
is likely to show the two branches of the jet as occurring simultaneously suggesting a split. 
Their study of 12-year composites of the monsoon onset and active and break spells and 
individual days showed that there is no splitting of the jet over the Arabian Sea. They 
found that the jet passes through India only if there is active monsoon convection in the 
latitudes 1 0° -20~ over the Southern Asia, and that in the absence of strong convection 
over the region, the jet curves clockwise over the Arabian Sea under conservation of 
potential vorticity and passes east close to the equator. The two branch structure is also not 












Evidence exists that the jet is forced by low-level divergence in the subtropical high-
pressure belt over the South Indian Ocean and convergence in the monsoon trough over 
India (Anderson, 1976; Hart, 1977; Cadet and Desbois, 1981) and has a quasi-biweekly 
oscillation [Krishnamurti et aI., 1976; Joseph and Sijikumar, 2004]. Krishnamurti et af. 
(1976) observed that the meridional pressure gradient between these two regions has a 
strong component with a 14-day period during the Northern Summer monsoon. Their 
analysis also revealed a similar oscillation in wind speed of the jet. In their investigation of 
a fluctuation of the Somali Jet during the Indian summer monsoon of 1978, Cadet and 
Desbois (1981) used low-level air circulation analysis to study cross-equatorial winds over 
the Arabian Sea. They found that the weakening of the jet was related to a wind 
discontinuity to the east of Madagascar drastically reducing the flow into the area of the jet 
and that the wind intensity within the jet reaches its lowest value two or three days after the 
first appearance of the wind discontinuity. Observations of wind speeds at Garissa, Kenya, 
show that increases in the wind speed lagged pressure drops over central India by a few 
days during July 1973 (Raghavan et af., 1978). These results suggest that the 14 -day 
pressure oscillation over the Indian Ocean causes surges in the Somali jet. 
The quasi-biweekly oscillation of the jet has been found to be related to a similar 
oscillation in rainfall over India associated with break and active monsoon phases, with 
cross-equatorial winds being stronger during a strong monsoon than a weak one 
(Krishnamurti and Bhalme, 1976). A correlation has been found between rainfall over the 
western coast of India and the intensity of low-level equatorial winds over Kenya 
(Find later, 1977). Cadet and Desbois (1981) observed that a break of the monsoon rain 











As stated earlier, if the jet transports significant negative potential vorticity into the 
Northern Hemisphere, this may lead to instabilities (see Hoskins, 1974) and, importantly to 
strong southward (anticyclonic) turning of the low-level flow so that the jet tends to avoid 
India potentially leading to a monsoon break there. 
Knox (1976) and McPhaden (1982) showed that westerly winds in the equatorial Indian 
Ocean have strong intraseasonal oscillations which are associated in summer with 
fluctuations in the Indian summer monsoon [Sikka and Gadgil, 1980; Webster ef at., 1998; 











2.2.1 Characteristics of local summer winds over the Somali region. 
The synoptic winds which drive the upwelling along the East African coast are 
predominantly southwesterly during the northern summer. These winds form part of the 
Somali jet during the southwest monsoon. The jet is forced by low-level divergence in the 
subtropical high pressure belt over the Southern Indian Ocean which includes the 
Mascarene High and convergence in the monsoon trough over India (Anderson, 1976; 
Hart, 1977). The jet is modulated by the Intertropical Convergence Zone (ITCZ) and the 
East African topography (Gatebe et aI., 1999). 
The mesoscale winds over the region, on the other hand, are driven by topographic and 
thermal contrasts. It has been found that the surface temperatures over land for the region 
increase by ISoC during the morning (Hart et al., 1977), indicating that the effect of the 
localized land-sea heating contrast is present in the pressure field and, consequently, the 
wind field. Ardanuy (1979) found a change of direction of the low-level winds at Obbia on 
the coastal plain of Somalia which back to a slightly inland component during the morning 
and early afternoon, and then veer slightly offshore during the evening and night. Findlater 
(1972) observed a pronounced sea-breeze front over the Kenya coast where the axis of the 
jet crosses it. Thus some interaction between the jet and a sea-breeze circulation normal to 
the jet axis is expected. In explaining wind speed variations of the jet, Ardanuy (1979), 
Findlater (1971) and Bannon (1979) suggested that the land and sea breeze circulation 
could cause displacements in the jet near the coast. 
The land-sea breeze circulation is driven directly by land sea surface temperature contrasts. 
When the synoptic pressure gradients are weak, sea/land breeze dominate in the coastal 
zone. During periods of strong synoptic pressure gradients, sea breeze effects are 
superimposed upon the cross-equatorial flow, resulting in alongshore acceleration of wind 
during the day time. A thermal front is established during the day as the land heats up and 











Over upwelling regions, cool SSTs established through the upwelling response to the jet 
winds act to sharpen the air mass boundary between the cool moist air over the ocean and 
warm dry air over the land. Onshore flow associated with seabreezes is rotated towards the 
along-shore direction by the coriolis effect as the day progresses. 
Mesoscale wind variability over ocean regIOns of upwelling is highly coupled to the 
variability of the underlying SSTs. The mechanism responsible for the coupling between 
SST and surface wind is the change of boundary layer stability that occurs as air crosses 
the cold SSTs and blows over the warmer water. The advection of relatively warm 
boundary layer air over the cold SSTs stabilizes the atmospheric boundary layer and 
inhibits downward turbulent mixing of momentum from aloft. This decoupling of the 
surface winds from the stronger winds aloft decelerates the near-surface wind and results 
in lower surface wind over the cold water (Bond, 1992). As the surface winds cross the 
SST front towards warmer water, the boundary layer is destabilized and surface sensible 
heat flux and evaporation increase greatly (Zhang and McPhaden, 1995). Convection 
driven by the enhanced surface heat fluxes increases the downward flux of momentum 
from aloft and accelerates the surface winds. The downwind acceleration results in a 
divergence of the surface wind field over the SST front (Wallace et al., 1989; Chelton et 
al.,2001a). 
The wind stress response to geographical variations of the underlying SST field can be 
better characterized in terms of the wind stress divergence. The largest wind stress 
divergences are located directly over the strongest SST gradients and the divergence is 
locally larger where the wind stress is aligned perpendicular to isotherms (i.e., parallel to 
the SST gradient vector). Wallace et al. (1989) hypothesized an SST modification of the 
wind stress field such that the wind stress curl is positive where the winds blow parallel to 
isotherms (i.e., perpendicular to the SST gradient vector). This pattern in the wind stress 
curl field develops because the winds are stronger over the warmer water to the right of the 
wind direction in the Northern Hemisphere, resulting in a lateral gradient of the wind stress 
that corresponds to a positive wind stress curl. This hypothesis by Wallace et al. (1989) 











2.2.2 The influence of Topography and Orography of the Somali Coast on the Jet. 
The East African coastal region is bounded to the west by mountains which rise to over 1 
km within a few km of the coastline. The coastline of the Somali region up to the Horn of 
Africa has an eastward inclination of about 40° away from the north and the ocean 
topography of the region includes a narrow continental shelf with a steep coast line to the 
Somali basin that falls to 4000m, with the Carlsberg ridge to the northeast (Fig. 2.6). 
Numerical experiments have indicated the important role of orography in the 
intensification of local winds. In his model, Bannon (1982) found that the mountains of 
East Africa are crucial to western intensification of the cross-equatorial flow of the Somali 
jet. He found in this model that approximately 40-55% of the Southern Hemisphere 











2.3 Indian Ocean Surface Currents. 
The winds over the Indian Ocean north of 100S reverse direction twice a year. Over the 
North Indian Ocean, they generally blow from the southwest during June-August (summer 
monsoon) and from the northeast during December-February (winter monsoon), March-
April and September-October being the months of monsoon transition with weak winds. 
The winds are much stronger during the summer monsoon than during the winter 
monsoon. These seasonally reversing monsoon winds over the North Indian Ocean force a 
seasonally reversing circulation in the upper ocean (Shankar et al., 2002). 
There are four upper ocean currents affecting the East African coast. These are the South 
Equatorial Current (SEC), the East African Coastal Current (EACC), the Equatorial 
Counter Current (ECC) and the Somali Current (SC) (Figure 2.7). The westward moving 
South Equatorial Current, driven by the Southeast Trades, divides into two branches once 
it approaches the northeastern tip of Madagascar. These are the South East Madagascar 
Current (SEMC) which flows southwards, and the North East Madagascar Current 
(NEMC) which flows past the northern tip of Madagascar at Cape Amber and feeds into 
the East African Coastal Current. The East African Coastal Current flows northwards all 
year round at least as far as 30S. During the Southwest Monsoon, it continues north of this 
latitude, joins with the Somali Current and continues right to the Horn of Africa. During 
the Northeast Monsoon (November to March), the northward extent of the East African 
Coastal Current is more restricted. 
At this time, it meets and joins the southward flowing Somali Current (which changes 
direction under the influence of the monsoon) with this convergence taking place anywhere 
between 30S and lOS, depending on the strength of the monsoon in any particular year. The 
two streams then turn eastward and flow offshore as the South Equatorial Counter Current 











The circulation in the Indian Ocean north of 100S is strongly seasonal, and the currents 
experience a complete reversal from January-February to July-August in sympathy with 
monsoon wind reversals (Schott et al., 2001). 
A climatology of ship-drift data shows that the surface currents in the equatorial Indian 
Ocean reverse direction four times a year. They flow westward during the boreal winter, 
weakly westward in the central and western ocean during the corresponding summer, and 
strongly eastward during the spring and autumn (Schott et al., 2001). 
The eastward jets during spring and autumn are called Wyrtki Jets and they are strongest 
between 600E - 900E (Fig.2.8) (Wyrtki, 1973). Other seasonally reversing currents include 
the Somali Current along the coast of Somalia; the winter Northern Monsoon Current 
(NMC) and the summer Southern Monsoon Current (SMC) in the mid-basin (Shankar et 
a!., 2002); and the West India Coastal Current (WICC) and the East India Coastal Current 
(EICC) (Shetye and Gouveia, 1998). This highly seasonal circulation north of IOOS is a 
superposition of tropical and coastal locally and remotely forced waves with frequencies 
that range from intraseasonal to interannual (Shankar et al., 2002). 
Local forcing refers to direct driving by alongshore components of coastal winds and 
remote forcing refers to any other process and includes offshore wind fields that excite 
Rossby waves (Schott et al., 2001). The seasonal circulation in the tropical Indian Ocean is 
driven by a combination of equatorial Kelvin waves, equatorial Rossby waves and coastal 
Kelvin waves with Ekman drift; all of which depend on the monsoonal winds. The Wyrtki 
jets which occur during the spring and autumn raise sea-level and deepen the thermocline 
in the east and reverse in the west (Wyrtki, 1973). Hurlbert et al. (1976) demonstrated that 
Ekman transport enters the equatorial region along the western boundary whereas along the 
eastern boundary the current flows north and south from the equator in a narrow coastal jet. 
Wyrtki (1973) suggested that the eastward jets are forced directly by the equatorial 
westerlies between the two monsoons. O'Brien and Hurlburt (1974) demonstrated this 











They also noted that Rossby waves reflected from the eastern boundary of their model 
basin were an important part of the equatorial response that tended to cancel the directly 
forced eastward jet two months after the wind onset. Since the monsoon has variability 
ranging from intraseasonal to interannual, it follows that the surface ocean circulation 
manifests the same pattern. Further south, the winds and currents are found to be less 
variable than in the North Indian Ocean, owing to the absence of reversing monsoon winds 
(McCreary et al., 1993). 
Under the relatively steady southeasterly trades, the westwards South Equatorial Current at 
approximately 100S is dominantly geostrophic, with an additional Ekman contribution in 
the boreal summer. The eastward South Equatorial Counter Current at 50S is mainly 
geostrophic, but virtually eliminated by the westward directed Ekman component in boreal 
summer (Hastenrath and Greischer, 1991; Tomczak and Godfrey, 1994). 
These currents result in a basin scale region of cyclonic circulation, which has also been 
identified by ocean model studies of McCreary et at. (1993) and referred to as the Tropical 
Gyre. Woodberry et at. (1989) have suggested that the tropical gyre is driven by wind 
stress curl over the ocean interior and associated with the Southern Hemisphere trades. The 
presence of this cyclonic current shear in the western half of the Indian Ocean basin was 
later confirmed by Hastenrath and Greischer (1991) and found to persist in varying shapes 
throughout the year. 
Ocean model studies by McCreary et al. (1993) have further shown the variable nature of 
the ECC, which was influenced by the near-equatorial ocean and zonal wind field. 
Tomczak and Godfrey (1994) suggested that the ECC peaks between December and April 
in response to the prevailing NE monsoon and the absence of a westward Ekman drift. 
Consequently, a region of shallow thermocline was observed from the ocean model of 
McCreary et al. (1993) from 2.50S to lOoS. The model results display Ekman suction by 











2.4 The Somali current and Upwelling at the Somali coast 
The Somali Current which is driven by the Somali Jet is the only one that reverses its 
direction of flow under the influence of the monsoon. It flows in a south-westwards 
direction at about 0.8-1.0 ms- 1 with the Northeast Monsoon (November to March). During 
the Southwest Monsoon (April to October), the current reverses its flow and increases its 
velocity to around 1.0-1.3ms-1• This seasonal development of the Somali Current system 
was described by Schott et al. (1990). Before the onset of the monsoon, the southern 
Somali Current is an extension of the East African Coastal Current (EACC) that flows 
northward across the equator to about 3--4°N. There, it turns offshore, and a cold wedge 
develops along its shoreward shoulder. Farther north, alongshore winds cause an upwelling 
regime to develop with a shallow northward coastal flow overlying a southward 
undercurrent. Its width scale is of the order of 50-I 00 km. 
With the monsoon onset in June, the 'Great Whirl' (GW) develops from 4-lOoN, and a 
second cold wedge appears at the latitude where it turns offshore (I 0-12°N) (Fig. 1.3). 
Schott and Quadfasel (1982) discussed observations from moorings in the northern 
Somali-Current regime. During their observational year there was a sudden onset of the 
monsoon, and they reported that there were distinct westward-propagating signals after the 
onset. They interpreted them as first-mode Rossby waves, and concluded that the onset of 
the Great Whirl was a response to the very strong anticyclonic wind-stress curl offshore 
from the Somali coast by these long Rossby waves which reflected into short Rossby 
waves at the boundary, accumulating energy there. 
The cross-equatorial flow continues during this time, now transporting about 20 Sv in the 
upper 500 m. It leaves the coast south of 4°N, where part turns eastward and part flows 
back across the equator in a circulation pattern referred to as the 'Southern Gyre' (SG). 
After crossing the equator, western boundary currents typically turn offshore to join near-
equatorial eastward flows in the interior ocean. The eastward deflections generally occur 












The Southern Gyre appears to develop from a retroflection of this sort. When the 
Southwest Monsoon dies down, in about October-November, the cross-equatorial Somali 
Current turns offshore again at 3°N, while the Great Whirl continues to spin in its original 
position (Schott et af., 2001 )(Fig. 1.3). During the North East Monsoon, the winds blow 
away from the Indian Subcontinent and the surface Somali current reverses to flow 
southwards. 
After crossing the equator, the Somali Current encounters the northward flowing East 
African Coastal Current, resulting in a confluence and eastward turn otf at 2-40S that 
supplies the South Equatorial Current, (Swallow et al., 1991). 
The seasonal variations of the monsoons therefore control the Somalia current. During the 
strong boreal summer monsoon, the current is intensified in a northeastwards direction 
while in the austral summer; it reverses its direction and reduces its strength in sympathy 
with the weakened Northeast monsoon winds. Substantial cooling occurs in the vicinity of 
Somalia commencing in June at the equator and during July in the Arabian Sea. The 
cooling is associated with both upwelling and evaporation accompanying the freshening 
winds of the southwest monsoon (Knox et al., 1987). Figure 2.9 shows mean velocity 
sections across Somali Current on the equator (northward is positive) during the summer 
monsoon (left), during the winter monsoon (middle) and annual mean. 
The Somali current has been described as a time-dependent, baroclinic inertial boundary 
current with non-linear effects on time scales longer than two weeks (Hurburt et al., 1976) 
and has a stable flow as established by Cox (1979) and Sekine (2000) experiments with a 
slanted western boundary at the same angle as the actual Somali coastline (40° east of 
north). Using a numerical model and assuming a barotropic ocean of 1000m depth, Sekine 
(2000) demonstrated that a large meander path is found in the case of a current with a 
northern boundary inclination (NBI) of less than 20°. However when he increased the NBI 












The Somali current is of great interest because unlike the Gulf Stream in the Atlantic and 
Kuroshio in the Pacific, it is present during only part of the year since the driving wind 
stress reverses with the monsoons; and it flows across the equator. 
The Somali Current Ecosystem is a biotic region, with a wide variety of subsystems. These 
include coral reefs, mangroves, seagrass beds, beaches, and estuaries (Okemwa, 1998). 
The rich diversity of many endemic plants and animals are both aesthetically and 
economically important with tourism and marine wildlife utilization (Okemwa, 1998). 
The associated upwelling manifests itself with a southern tongue at about 4-8(~ in the 
early period of the southwesterly monsoon and a northern tongue appearing as the winds 
intensify in June/July. The southern upwelling region is of interest to the communities 
living around it, including Kenya, because of its nutrient rich characteristics and major 
fishing activities. 
Although the large scale features of the atmosphere and ocean circulation of the region are 
fairly well understood, less is known about the mesoscale wind variability in the region 
and its impacts on the upwelling. Thus, this thesis is aimed at improving the understanding 
of mesoscale characteristics of wind fields and air-sea interaction on the southern 
upwelling region. 
In order to assess the significance of wind stress to strong upwelling in the regIon, a 
significant upwelling event in the past nine years (1999-2007) that QuikSCA T data are 
available is identified and the temporal and spatial variability of the winds are investigated. 
Wind and SST co-variability over the region are investigated and wind stress curl is 
analysed to assess the strength of the upwelling. 
A range of data sets from global centres and analytical techniques, described In the 
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Data and Methodology 
In this chapter, the datasets used in this thesis and the methodology employed to analyse 
them are discussed. These data include the high resolution TMI weekly (seven day 
average) Sea Surface Temperatures (SSTs) from the Tropical Rainfall Measuring Mission 
(TRMM) satellite available from December 1997 to the present. The data are used to 
investigate a significant upwelling event during the period 1999-2007 and the spatial 
structure of SSTs over the region 1 00S-20~ and 35-650E. QuikSCA T weekly wind stress 
and wind stress curl data from the Center for Satellite Exploitation and Research 
(CERSAT) are used to investigate the temporal variability of the alongshore winds at the 
upwelling region and the spatial structure of the wind stress curl respectively. Both the 
TMI SSTs and the QuikSCA T winds are used to investigate SST-Wind co-variability over 
the the upwelling region. Sea level pressure data from NCEPINCAR Reanalysis are used 
to create a time series to assess variability in a Sea Level Pressure Index (SLPI). 
A variety of statistical techniques are employed to investigate the characteristics of wind 
fields and air-sea interactions over the upwelling region off the Somali coast. These 
methods include an extensive use of the MATrix LABoratory (MA TLAB) programmes. 
Through MA TLAB programming, Continuous Wavelet Analysis (CW A) is employed in 











3.1 Significant southern upwelling event 
To identify a significant upwelling event during 1999-2007, high resolution weekly (seven 
day average) Sea Surface Temperatures (SSTs) data from the Tropical Rainfall Measuring 
Mission (TRMM) satellite are used. The weekly sea surface temperatures were preferred 
because of their more accurate representation of SSTs and upwelling processes than 
monthly data. Though 3-day averaged data is also available for viewing SSTs, there is 
inherent problem of missing data in these high resolution data sets. 
The TMI SSTs are derived from observations made by a radiometer on board the Tropical 
Rainfall Measuring Mission (TRMM) satellite. This radiometer, the TRMM Microwave 
Imager (TMI) is well-calibrated, and contains lower frequency channels required for sea 
surface temperature retrievals. TRMM is a joint program between National Aeronautics 
and Space Administration (NASA) and the National Space Development Agency of Japan 
(NASDA). 
TMI data are provided as daily, 3-day means, weekly means and monthly means and are 
available from December 1997 to the present. They cover a global region extending from 
40S to 40N at a resolution of 0.25° x 0.25° (~25 km x 25 km). The TRMM satellite 
produces data collected at changing local times for any given earth location between 40S 
and 40N. 
The production of this data set is a collaborative effort with the TRMM Project at Goddard 
Space Flight Centre (GSFC) and the Passive Microwave Earth Science Information 
Partnership (ESIP) for Climate Studies. The Passive Microwave ESIP (PM-ESIP) was 
established to provide climate products derived from satellite microwave radiometers and 
is a joint effort among NASA's Global Hydrology and Climate Centre, the University of 
Alabama in Huntsville, and Remote Sensing Systems. 
The measurement of sea-surface temperature (SST) through clouds by satellite microwave 











The early radiometers in the 1980s (i.e., SMMR) were poorly calibrated, and the later 
radiometers (i.e., SSMII) lacked the low frequency channels needed by the retrieval 
algorithm. Finally, in November 1997, the TMI radiometer with a 10.7 GHz channel was 
launched aboard the TRMM satellite. 
The important feature of microwave retrievals is that SST can be measured through clouds, 
which are nearly transparent at 10.7 GHz. This is a distinct advantage over the traditional 
infrared SST observations that require a cloud-free field of view. Ocean areas with 
persistent cloud coverage can now be viewed on a daily basis. Furthermore, microwave 
retrievals are not affected by aerosols and are insensitive to atmospheric water vapour. 
However, the microwave retrievals are sensitive to sea-surface roughness, while the 
infrared retrievals are not. 
A prImary function of the TRMM SST retrieval algorithm is the removal of surface 
roughness effects. The microwave and infrared SST retrievals are very complementary and 
can be combined to obtain a reliable global data set. 
Evaluation of TMI SST data is ongoing. However, the accuracy of the TMI SST estimate 
in rain-free conditions is roughly O.SoC (Wentz et aI., 2000; Kummerow, 2000). Recent 
comparisons of the TMI SST estimates with moored observations of near-surface ocean 
temperature have found that on greater than weekly time scales, the TMI SST successfully 
reproduces the character of the I-m-depth buoy-observed temperatures in the tropical 
Pacific (eg Chelton et aI., 2001a). 
A comparison of the TMI SST estimate over the Bay of Bengal and the Arabian Sea with 
moored near-surface (2.S-m-depth) temperatures found a strong correspondence in the 
evolution of the two SST estimates on a greater than weekly time scales (Senan et aI., 
2001). The spatial structure of the SST features from TMI compares well with that from 
the Pathfinder Advanced Very High Resolution Radiometer (A VHRR) satellite-based 
infrared SST dataset [available from NASA's Physical Oceanography Data Access and 











Further, TMI SSTs are validated by comparing them with in-situ measurements made by 
moored buoys located in both the tropical Pacific and tropical Atlantic oceans. Validation 
of the satellite-derived SSTs is necessary to check the retrieval algorithm developed for the 
TMI 10.7 GHz channel. Data from the tropical Pacific moored ocean buoys which consist 
of mostly TAO array buoys operated by the Pacific Marine Environmental Lab (PMEL), 
the US National Data Buoy Centre (NDBC) and PIRA TA buoys moored in the tropical 
Atlantic Ocean are used to compare with and validate the TMI SST estimates (Fig. 3.1). 
Further information on this data is available at 
http: '\\\\\\ .ssll1i.coll1/tll1i/tmi description.html 
A Hovemoller plot has been created for the four hundred and eight weeks spanning the 
period under investigation and closer investigation carried out on specific weeks of this 
data to highlight the temporal changes which occur in the upwelling. The weeks selected 
for the spatial structure were the second to last week of July and the last weeks of June, 
August and September for each year under investigation. The evolving Somali Jet during 
the southwesterly monsoon was considered in choosing the weeks. Using this method, a 
significant upwelling event was identified around 4.25~ in July 2005 as discussed in the 
next chapter. 
An inter-annual time senes of SSTs at the grid point 4.25~ and 50.250E over the 
upwelling region was created to assess their temporal variability. Continuous Wavelet 
Analysis is then applied to investigate dominant modes of variability in the SST time series 











3.2 Temporal variability of alongshore winds 
An inter-annual time series has been created to investigate the temporal variability in 
alongshore winds over the upwelling region. This has been achieved by extracting weekly 
QuikSCAT wind stress values at 4.25CN, 50.250E. from the Center for Satellite 
Exploitation and Research (CERSAT),s 0.250 x 0.250 gridded data product. Continuous 
Wavelet Analysis is then used to investigate dominant modes of variability in the wind 
stress time series and how these modes vary in time. 
QuikSCAT wind data are 0.250 x 0.250 gridded data product from the Center for Satellite 
Exploitation and Research (CERSAT). A microwave scatterometer SeaWinds (QuikScat) 
instrument was launched on the QuikBird satellite in June 1999 with a primary mission to 
measure winds near the ocean surface. These data are also useful for some land and sea ice 
applications. The Sea Winds instruments are the third in a series of NASA scatterometers 
that operate at Ku-band (i.e., a frequency near 14 GHz). SeaWinds scatterometers are 
essentially radars that transmit microwave pulses down to the Earth's surface and then 
measure the power that is scattered back to the instrument. This "backscattered" power is 
related to surface roughness. For water surfaces, the surface roughness is highly correlated 
with the near-surface wind speed and direction. Hence, wind speed and direction at a 
height of 1 0 meters over the ocean surface are retrieved from measurements of the 
scatterometer's backscattered power. 
The QuikSCA T Scatterometer data processing uses simultaneous microwave radiometer 
measurements for rain flagging and sea ice detection. It uses 4 satellite microwave 
radiometers (F13 SSMI, F14 SSMI, F15 SSMI, and TMI) to determine if rain is present at 
the location of the QuikScat observation. Using the Special Sensor Microwave Imager 
(SSMI) daily observations of sea ice, the scatterometer observations can be properly 
flagged so that reliable wind vectors can be obtained. Risien (2002) found the QuikSCA T 
data to be highly comparable with NCEPINCAR climatology (1968-1996), 











3.2.1 Continuous Wavelet Analysis (CWA) 
Continuous Wavelet Analysis has been used to investigate dominant modes of variability 
in the QuikSCA T wind stress and TMI SST time series and how those modes vary in time. 
CW A is a powerful tool as it allows frequency analysis of a time dependant signal locally 
in time (Daubenchies, 1990). This is particularly appropriate for geophysical time series 
due to the non-stationary nature and the numerous scales at which geophysical processes 
take place (Lau and Weng, 1995). 
A brief explanation of the advantages of the CW A technique and the Continuous Wavelet 
Transform (CWT) used will be given here. More detailed explanations of wavelet analysis 
and the Complex Morlet Wavelet Transform are provided by Torrence and Compo (1998), 
Daubenchies (1992) and Lau and Weng (1995). 
When doing frequency analysis of non-stationary time senes over a large range of 
frequencies, CWT has advantages over the more commonly used Fourier transform (Fig. 
3.2a) in spectral analysis. Ideally, one would like to separate the shorter period oscillations 
from the longer in a non-stationary time series. 
Fourier transforms do not contain any time dependency in the signal and therefore cannot 
provide any local information regarding the time evolution of its spectral characteristics 
(Lau and Weng, 1995). 
A Windowed Fourier Transform (WFT) Fig. 3.2b, may be used to extract local frequency 
information under a fixed time frequency window, but is problematic when dealing with a 
wide range of frequencies. At low frequencies, there are so few oscillations within the 
window that the frequency localization is impaired, while at high frequency there are so 











The advantage of using wavelet transforms (Fig. 3.2c) is that the transform can be 
stretched and translated with resolutions in both frequency and time (Lau and Weng, 
1995). As a result, the signal can be decomposed in terms of wavelets which are derived 
form a 'mother wavelet' 'Po (11) by dilations and translations (Lau and Weng, 1995). 
The scaled wavelet is defined by Torrence and Compo (1998) as: 
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is translated along the time index n (translation parameter) and its scale is varied by the 
dilation parameter s. The 0 subscript has been dropped to indicate that Eq. (2) has been 
normalized. A energy normalization factor of S-1/2 keeps the energy of the 'daughter 
wavelets' the same of the 'mother wavelet' ensuring that wavelet transforms at each scale 
are directly comparable to each other (Torrence and Compo, 1998; Lau and Weng, 1995). 
This also means that if the 'unscaled mother wavelet' \{'o (YJ) is normalized to have unit 
energy then wavelets at each scale will have unit energy. 
This continuous wavelet transform of a discrete signal Xn is defined as the convolution of 
Xn with a set of scaled and translated wavelets (Torrence and Comp, 1998; Lau and Weng, 
1995). 











'1'* is the complex conjugate of '1'. The CWT reveals a local measure of both relative 
amplitude and phase at a scale of variability proportional to s and time n. Scale s is 
synonymous with the period of the wavelet and inverse its frequency and so that CWT is a 
time-frequency analysis. 
Although it is possible to solve the wavelet transform in the time domain using equation 
(1), it is much simpler to perform the wavelet transform calculation in Fourier space using 
a Fast Fourier Transform (FFT) of the time series and the wavelet function as described by 
Torrence and Compo (1998). 
The Morlet Wavelet was chosen in this thesis as it is the most commonly used wavelet in 
geophysical signal detection (Lau and Weng, 1999). The Morlet Wavelet consists of a 
complex exponential modulated by a Gaussian function as in equation (4) 
...... 4 
where '1'0 (,,) is the Morlet Wavelet value at a non-dimensional time 11. 
A non-dimensional frequency roo = 6 (Torrence and Compo, 1998) is used which satisties 
the admissibility condition (Farge, 1992). 
The advantage of the Morlet Transform is that it is able to detect both time-dependent 
amplitude and phase for different frequencies exhibited in the time series (Lau and Weng, 
1995). The resultant wavelet transform coefficient Wn(s) contains both real and imaginary 
parts which can be used to assess the amplitude and phase of the local components of the 
signal. 
Depicted in two-dimensional space with time on the x-axis and period on the y-axis, the 
wavelet power spectrum provides a local measure of the time series variance at each period 











A problem with performing the Wavelet Transform calculation in Fourier space is that this 
assumes the time series is cyclic resulting in a wraparound effect. To reduce these effects, 
one end of the time series is equaled to zero. 
The time averages over all local wavelet power is defined as the Global Wavelet Spectrum 
(GWS) (Torrence and Compo, 1998). 
The GWS is equivalent to the Fourier power spectrum smoothed by the Morlet wavelet 
function in Fourier space (Farge, 1992). 
Because of the 'Uncertainty Principle' (Chui, 1992), the width and height of a time-
frequency window cannot be arbitrary (Fig. 3.3), Lau and Weng (1995). This means that at 
high frequencies, high precision in time localization is less precise and frequency 
resolution higher (Lau and Weng, 1995). Reduction in frequency resolution at small scales 
results in the peaks in the spectrum being smoothed out, while at larger scales the wavelet 
although wide in time is narrow in frequency and therefore the peaks are sharper and have 
larger amplitudes. As a result, the GWS is a biased estimator and one should not use the 
G WS to determine the relative magnitude of peaks. 
The wavelet transform is essentially a bandpass filter of uniform shape and varymg 
location and width, extracting the different local components of the signal by providing 
amplitude and phase values for every frequency and time (Mel ice et ai, 200 1). 
The results of the continuous wavelet analysis on the temporal variability of the 












3.3 Temporal variability in Sea level pressure index during the year 2005 
A second time series was created to assess variability in Sea Level Pressure Index (SLPI) 
based on daily averaged NCEPINCAR reanalysis sea level pressure data, with a grid of 2.5 
x 2.5, from 1 st January - 31 5t December 2005 corresponding to the year of the significant 
upwelling event. A strong off-shore pressure gradient was observed around 19th July 2005. 
The Sea level Pressure data used to investigate the Sea Level Pressure Index is from the 
NCEPINCAR Reanalysis (Kalnay et aI, 1996). In this reanalysis, data assimilation is 
performed using a state-of-the-art analysis/forecast system on historical data from 1948 to 
the present. 
A large subset of this data is available from CDC in its original 4 times daily format and as 
daily averages. The daily averages are means of instantaneous values at the 4 reference 
times of 00, 06, 12 and 18z. The global data has 2.50 horizontal resolutions. 
More information is available at: 
http:· \\\\\\.coc.noaa.um/coc/oata.ncep.reanai\sis.htmi 
The spatial variability of wind stress over the upwellng region has been investigated using 
weekly wind vector plots from QuikSACT website. These plots correspond to the weeks 
ending 2nd, 9th , 16th , 23rd and 30th July 2005. 
The spatial structure of wind stress curl have been plotted for the region 1 00S-20~ and 35-
650E to identify areas of positive and negative curl using data from QuikSCA T. These 
plots are used to identify areas of strong positive curl corresponding to strong upwelling. 
Both the TMI SSTs and the 10m QuikSCA T winds were used to investigate SST-Wind co-














. tOle tOO) ~'W~" I U~,~US. , 
.'«l '""" ~'O2.l of CN,10tl 
• " • • 
, ' 
HI: 3.1 A IIm~ _erw_ ujSST1 JiI<"M 1It)/ /"!lh <'&r<1<pivn /x-", ,..." (bra jM'" 
nm L"~"'rul P<II:iflC />'''''U TAO bl«"· (j 1M J. r •• h. ,\ ·1)8C hlro) (5I1JJl( 










(3) [b) ic) 
• . -
Fig 3.2 nlile-freqwllcy wind"".\' "s~d in (a) Fowia l'ran;jonn (Fl). (hi a 
Window~d Fouri~r Tran;jiJrm (lIT!). and k) Wavelet f'ransjim11(Wl), Ulld therc 
COrr~_\fxmdi"g time "eri~, repr",mwd in time .'puce alld Feq"~ncy space, luke 
from '-au a",/ Wen~ 1995 
,.- ._c. ~ 
Fig 3.3 I:.xulilp/C offl"J<"!cJ Wuvcicr ,,-ilh different 











Results and Discussion 
In this chapter the results of the investigations and findings as outlined in chapter 3 are 
presented in detail followed by discussion and a summary at the end of each section. 
During their study of the Somali current, Schott et al. (1990) observed that upwelling 
occurs where the Somali current turns offshore near 5~ along the Somali coast and further 
north near 1O-12~ during the southwest monsoon. The first objective of this thesis is to 
identify a strong event in the southern upwelling region during the period of nine years 
from July 1999 to May 2007 when QuikSCA T wind and TRMM SSTs are available. This 
upwelling event is then analysed as a case study to investigate the mesoscale 
characteristics of the wind fields over the region during that period. Both temporal and 
spatial variability of the local winds are then analysed along with the spatial structure of 












4.1 Significant southern upwelling event 
A meridional Hovmuller plot of weekly sea surface temperatures (SST) along SO.12SoE 
between 100S and 1 O~ was created to identify the significant upwelling event using 
TMMI sea surface temperatures for the four hundred and eight weeks corresponding to 
July 1999-May 2007 as shown in Fig. 4.1. 
A close investigation of the spatial structure of the SSTs was then undertaken by creating 
surface plots for the region 100S to 20~ and 3SoE to 6SoE for the weeks corresponding to 
the second to last week of July and the last weeks of June, August and September each 
year from 1999- 2006 corresponding to the boreal summer of these years (Fig 4.2, panels i-
xxxi). The evolution of the Somali Jet and the development of upwelling cells was taken 
into consideration in choosing the weeks. 
A critical examination of the Hovmuller plot shows a distinct localized southern upwelling 
episode characterized by cold sea surface temperatures of below 22°C at about 4-SoN 
during the year 200S. Years 2003 and 2004 show almost similar results but the significant 
difference between these years and the 200S event is that the upwelling during 200S IS 
highly localized with relatively lower temperatures. 
Analysis of the northern summer plots show that August and September 2000, June 2002, 
July 2003, July 2004, July 200S and June 2006 all had a well marked southern upwelling 
tongue. However the 2003, 2004 and 200S upwellings were more intense and exhibited an 
intensive southern upwelling tongue of cold temperatures. 
The 200S event (panel xxv marked with a pink box) exhibits a highly localised nature at 
around 4.7S~ with rather cold temperatures. It is interesting to note the warmer waters 
upstream of this upwelling region and a clear southeastward curve orientation of the cold 
waters. Substantial cooling of surface waters along the entire coast to about S30E is visible 












The observations by Schott et at. (1990) have shown that where the Somali current turns 
eastward and part flows back across the equator in a circulation pattern referred to as the 
'Southern Gyre', a cold wedge develops along its shoreward shoulder. They noted that the 
fraction of the direct cross-equatorial offshore return in the Southern Gyre appears to vary 
from year to year. As the monsoon intensifies, the 'Great Whirl' develops further north 
from about 5-1 O~ easily identifiable from the plots. The July 2005 significant southern 
upwelling event is therefore consistent with these observations. 
The upwelling region is characterized by extreme cold temperatures with warm waters 
around it (Fig. 4.2 panel xxv). The explanation for this observation will be discussed 
elsewhere in this thesis. 
The substantial cooling of the surface waters along the entire coast up to 530E visible in all 
the plots for the northern summer of August 2000, June 2002, July 2003, July 2004, July 
2005 and June 2006 (panels vi, xii, xvii, xxi, xxv, and xxviii) may be explained as cooling 
due to evaporation, vertical mixing, entrainment and upwelling such that enhanced 












A significant upwelling event characterized by cold sea surface temperatures of below 
22°C with a highly localized nature occurred around 4.75~ during the southwest monsoon 
of 2005. This event which occurred in July 2005 was identified by plotting a meridional 
Hovmuller plot of weekly sea surface temperatures (SST) along 50.1250E. 
Surface SST plots of the region also revealed this upwelling during the week ending 23 
July 2005. The cold filament with a clear southeastwards curve orientation is found to be 
bounded by warm waters around it. Substantial cooling of surface waters along the entire 
coast to about 530E is also visible on the surface plot. This significant and highly localised 
upwelling event is therefore used as a case study to investigate the characteristics of 
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4.3 Temporal variability of Winds over the upwelling region. 
A Continuous Wavelet Transfonn (CWT) has been performed on the wind stress time 
series to assess the dominant timescales of variability of the Somali Jet over the upwelling 
region. These winds are usually strong during southwest monsoon. Details about the 
construction of the time series along with an explanation of the continuous wavelet 
analysis (CWA) technique used are provided in section 3.2.2 of Chapter 3. To the best of 
the author's knowledge, no analysis of the jet fluctuations has been pursued using this 
technique before. In their investigations, Krishnamurti et at. (1976) relied heavily on the 
Fast Fourier Transfonn. 
WeekJy QuikSCA T 10m winds were used to create a time series for this investigation at 
the grid point 4.75~ and 50.250E. The justification for using 10m wind grid point to 
investigate the low-level jet comes from Murakami (1976) who when analyzing data 
collected from the Indian Daily Weather Report and upper air observations over the Indian 
subcontinent during the 1962 summer, found that the zonal and meridional wind anomalies 
associated with the 10-20-day intraseasonal monsoon mode are in phase over the entire 
troposphere. Furthermore in investigating the Indi.an monsoon, Goswami and Mohan 
(2001) relied on the strength of the 850hPa wind at the single grid point 15~ and 90oE. 
Prior to the wavelet analysis of the wind stress, a time series correlation of normalised 
wind stress and SSTs over the upwelling region was constructed for the grid point 4.750N, 
50.250E as in Sciremammano (1979) and wavelet analysis was applied to the SSTs. Fig. 
4.3 indicates that strong winds at this point correspond to low SSTs with a correlation 
coefficient of -0.32 with a confidence level of above 95%. This observation explains the 
relationship of winds and SSTs as discussed in the previous section. The SST power 
spectrum (Fig. 4.4b) shows strong power at the semiannual (16-32 week) and annual (52 
week) periods and weaker power at other frequencies. Towards the end of 2004 and 2005, 












The standardized time series of the wind stress is represented by Figure 4.5a and the results 
of the Wavelet Transform are presented in Fig. 4.5b which depicts the wavelet power 
spectrum with time (YearlMonth) on the x-axis and period in weeks on the y-axis. The 
local Wavelet Spectrum provides an indication of dominant timescales of variability of the 
winds over the entire time series. It is clear from the spectrum that the Somali Jet has three 
dominant periods of oscillation, one near 2-6 weeks, one near \6-32 weeks, and one at 52 
weeks. These periods correspond to intraseasonal, semiannual and annual cycles 
respectively. In about mid 200 I, 2003, 2004 and 2006, strong bifurcations occurred with 
high power at semiannual periods extending to the intraseasonal scale. An abrupt shift in 
appearance in the 2004 semiannual oscillations is evident from the amplitude plot (Fig. 
4.7) suggesting a strong monsoon shift. 
The Morlet Wavelet can be interpreted as a bandpass linear filter. This filter allows the 
extraction of different local components of the signal like local value, amplitude and 
frequency by equating all others to zero. Figures 4.6, 4.7 and 4.8, computed using this 
technique, represent time frequencies of the annual, semiannual and intraseasonal 
respectively. The blues curves in Figures 4.7 and 4.8 represent the amplitude modulation 
(the envelopes) of the frequencies. 
While the annual amplitude modulation is more uniform (Fig. 4.6), the semiannual 
frequency (red line) and amplitude modulation (blue line) display periodic components of 
the jet close to biennial Fig. 4.7. Though the temporal range of the data used is not enough 
to arrive at a useful conclusion it would be interesting to investigate the results of a longer 
time period to see how this pattern evolves. 
The results in Fig. 4.5b show a 2-6 week frequency band in the intraseasonal oscillations of 
the jet with varying strength throughout the time-domain as displayed in the power 
spectrum. However, a broad and large power spectrum density is noted around July 2005 











The spectra o'f both the amplitude (blue line) and frequency (red line) modulation, Fig, 4,8, 
display strong power during July 2005. Significant power is also displayed around July 
2000, June 2002, July 2003, July 2004 and June 2006. 
These observations are consistent with the results of the surface plots as discussed in 
section 4.1 and have confirmed the observations of Murakami (1976) that both the zonal 
and meridional winds associated with intraseasonal fluctuation of the jet are in phase over 
the entire troposphere, and hence justify the use of 10m QuikSCA T winds to investigate 
the variation of the jet. The usefulness of using a single grid point (Goswami and Mohan, 
2001) to study the jet has also been confirmed. 
This analysis of temporal variability in the wind near the Somali coast depicts high 
intraseasonal oscillations of lower frequencies (3 -7 weeks) in the low-level jet during July 












From the power spectrum it is clear that the Somali jet has three significant modes of 
variations; annual, semiannual and intraseasonal. The main interest in this thesis is to study 
the high frequency mesoscale spatial variability of the jet. In these results, the jet is 
identified to have an intraseasonal mode of oscillation ranging from 2-7 weeks throughout 
the period under investigation from July 1999 to May 2007. 
Significant power at intraseasonal frequencies occurred during July 2005 with the 
frequency of oscillations reaching a high of seven weeks signifying the occurrence of a 
prolonged active and break oscillations of the jet during this period. 
It is hypothesised here that this prolonged active/break oscillation of the jet is associated 
with the occurrence of the strong localized upwelling event identified in the previous 
section. 
It is also clear from the wind/SST time series that the synoptic winds are highly correlated 
with the local SSTs with the relationship being that of enhanced (reduced) wind speed 
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4.5 Spatial variability of winds and SSTs: 26-30 July 2005 
To investigate the spatial variability of the winds and SSTs over the region of significant 
upwelling, wind vector plots were extracted from QuikSCA T weekly data for the weeks 
ending on 2nd, 9th, 16th , 23rd and 30th July 2005 (Fig. 4.9 panels a, b, c, d and e) with 
corresponding SST structures constructed from TMI weekly data depicted on the left of 
each panel. Analysis of the spatial variability of the two fields for the period 26 June-30 
July 2005 is given below. 
Week 1 (26 June-2 July) 
The winds during this week (Fig. 4.9 a) have a magnitude of about 10ms- 1 south of the cold 
filament, weakening to about 5ms-1 over the offshore extent zone of cold SSTs, and then 
become stronger downstream to reach a maxima of 15-20ms- l . Off the Horn of Africa, a 
strong monsoonal inflow towards India is evident (15-20 ms- I ). The area offshore of the 
upwelling region around 750E is characterized by a trough of generally weak winds, which 
extends to the tip of the Indian peninsula. 
The SSTs display a somewhat broad region of cold temperatures over the upwelling zone 











Week 2 (3-9 July) 
During the second week (Fig. 4.9b), the winds south of the cold filament do not show any 
significant change from week one. The winds over the cold SST filament continue to be 
weak. The strength of the wind downstream reduces to IO-15ms·] and remains weaker than 
the previous week as the flow approaches the Indian subcontinent reaching the western 
coast as westerlies. The offshore trough of weak winds has slightly shifted southwards and 
westwards with its centre now located around 68°£, further away from the Indian 
peninsula. 
The cold SST filament becomes narrower but longer and the warm temperatures around it 
are still visible but slightly cooler than the first week. 
Week 3 (10-16 July) 
During the third week, (Fig. 4.9c) the winds south of the cold filament are less than IOms·] 
and about 5ms·] on the filament itself. Downstream, the zone of strong winds shows an 
enhancement in intensity and zonal extent compared to week 2 but weaker near the western 
Indian coast. A southward turning of the flow is evident south and west of the tip of the 
Indian peninsula. The centre of the offshore trough remained along the same longitude of 
68°£ as in the previous week but moved farther southwards so that it is completely 
detached from the Indian peninsula. 
The week is characterized by cooler temperatures throughout the region south of the cold 
SST filament. The filament is slightly shorter and less pronounced than the previous week. 
A warmer pool of water exists on the northeastern shoulder of this filament and further 











Week 4 (17-23 July) 
The wind strength south and up to the cold filament drops significantly during this week 
(Fig. 4.9d), averaging about 5ms-1 over a large area. Upstream of the cold filament the 
winds continue to weaken reaching minimum strength as compared to previous weeks. The 
winds near the western coast and south of the Indian subcontinent are westerly. The trough 
offshore and the zone of very weak winds intensifies and increases in the zonal direction 
extending to as far west as 60oE. Northward movement of this trough is evident now 
touching again the tip of the Indian peninsula. 
The sea surface temperatures have decreased to the south of the cold filament which now is 
characterized by colder temperatures with a longer spatial extent offshore than the previous 
week. Warm temperatures continue to persist north and northeast of the region offshore of 
the cold temperatures. Further north of the filament, cool temperatures still persist. 
Week 5 (24-30 July) 
During the fifth week, the winds begin to intensify slightly over a wide area south of the 
cold filament to average 9ms- 1 with a narrow band of weak winds over the cold SSTs (Fig. 
4.ge). Upstream of the filament, the winds increase in intensity and in zonal extent 
compared to week 4. They also strengthen offshore and the spatial extent of the offshore 
trough reduces and moves east to about 70oE. Near the Indian subcontinent, the winds 
remain westerly as the trough moves farther north towards this landmass. 
The week is characterized by cool temperatures south of the cold filament which has now 
become diffuse. The cold upwelled waters near the Horn of Africa have spread further 












The weekly observations reveal that winds south of the cold filament continued to weaken 
throughout the first four weeks from 26 June to 23 July reaching a minimum of 5ms- 1 
before strengthening during the fifth week that ends on 30 July. Upstream of the filament 
the winds remained persistently strong for the first 3 weeks before weakening in week 4. 
They started getting stronger again in week 5. 
The winds close to the Indian subcontinent were initially strong southwesterlies but 
became westerlies in the second week. They veered to become northwesterly to northerly 
in the third and fourth week before becoming westerlies again in the last week. 
The offshore equatorial trough of weak winds had its centre at 750E but extended up to the 
tip of the Indian peninsula during the first week. It reduced in intensity with the centre 
moving further south and west up to 6SoE in the second and third week and then 
completely detaching from the peninsula. The trough was very strong on the fourth week 
and moved further to the west with its centre now near 600E. A clear northward movement 
of the trough now covering the southern tip of the Indian peninsula is noticeable during the 
last week. 
The behaviour of the winds over the upwelling region shows that the five week period 0 f 
26 June-30 July 2005 was characterized by weakening of winds south of the cold filament 
and relatively stronger winds upstream of the filament. The weakening of the winds south 
of the filament started from the week ending 2nd July and reached its weakest point during 
the week ending 23 July after which they started strengthening again 
An analysis of both the meridional and zonal components of the wind stress rotated 
through 40° to compensate for the inclination of the Somali coast (Fig. 4.11) however 
depicts the meridional component (left panels) remaining strong throughout the period as 












During the period 26 June -30 July 2005 the winds over the Somali coast associated with 
the Somali jet weakened steadily south of the cold filament to reach minimum values of 
about 5ms-1 in the week ending 23 July. Upstream of the filament, the winds remained 
relatively strong throughout the period weakening on the week ending 23 July. 
The alongshore meridional component of the wind stress, however, is seen to be stronger 
than the zonal component throughout the period 26 June-30 July 2005 as depicted In 
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4.7 Mesoscale SST-Wind co-variability over the upwelling region 
The cold filament over the upwelling region is associated with marked changes in the 
surface winds as described in the previous section and depicted in the panels of Fig. 4.9. 
It is evident from the observations in that figure that the region exhibited strong spatial 
variability in SSTs and winds during the period 26 June-30 July 2005. The changes in 
SSTs and winds exceeded 4°C and 5ms- 1 respectively over a wide region that could extend 
to 200km in width. These changes in wind speedsJesult in changes to both the wind 
divergence and curl fields over the region. Recent studies of the Somali jet using surface 
winds from satellite data has shown the jet to exhibit significant spatial variability (Halpern 
et aI., 1998; Halpern and Woiceshyn, 1999). 
A strong co-variability of the two fields with cold (warm) SSTs being coincident with 
locally weak (strong) winds is evident from Figure 4.9 throughout the period. Fig. 4.10 
indicates 13-week time series of wind stress and SSTs averaged over the region 3.25 -
4.25~ and 49.25 - 52.250E from 6 June - 29 August 2005. Although the two curves do 
not show a perfect match, there seem to be some relationship between the mesoscale winds 
and the SSTs. The two time series have a correlation coefficient of +0.5 with a statiscal 
significance of 80%. 
The SST-wind coupling as observed here over the upwelling region of the Somali coast 
can be assumed to be the sea surface temperature modulation of atmospheric stability and 











Over the upwelling region, the latent heat loss associated with strong southwest monsoon 
winds is dramatically reduced over the cold SST due to the reduction in wind speeds, the 
increase in atmospheric stability and the increase in relative humidity. As the relative 
humidity increases over the cold SST filament, the net heat flux across the air-sea 
boundary drops leading to a heat gain of the ocean over the cold waters e.g Vecchi et al. 
(2004). Table 1 illustrates the strong positive correlation between the difference of air and 
SST temperatures and the surface heat flux. 
The situation described by Vecchi et al. (2004) seems to occur in week 3 and 5 (Fig. 4.9 
panels (c) and (e)) respectively. The coupled effect over the cold upwelled waters is linked 
to thermodynamic feedback on the heat flux on the oceanic mesoscale, tending to damp out 
the surface SST gradient between the upwelled and warmer surface waters as hypothesized 
by Vecchi et al. (2004). 
Qu.: II SST 
(AT - SST) 0.80 -OJ+ -f\ :6 .', I 
SST -0.93 O.6~ 
lu -0.78 
Table 1 Correlation coefficients between variables as found by Vecchi et af. 
in the Western Arabian Sea showing strong positive correlation between 












The spatial winds exhibited high co-variability with the sea surface temperatures over the 
period 26 June-30 July 2005. During the week ending 23 July the jet winds weakened 
upstream and up to the cold SST filament while the SSTs in this region cooled down 
significantly over a large area and the temperatures of the cold filament dropped to about 
21°C. The alonshore wind component however continued to be strong depicting stronger 
winds downstream in line with the warmer temperatures north and northeast of the cold 
filament. 
This co-variability of the SSTs and winds is as result of the sea surface temperature 
modulation of atmospheric stability and the resultant vertical shear adjustment. Over 
warmer SSTs, the unstable atmosphere brings down high winds from above the boundary 
layer leading to an acceleration of the surface winds. Over cold waters on the other hand, a 
stable atmosphere decelerates the surface winds Chelton et al. (2001 a). 
The changes in wind speeds as the wind stress crosses over the cold filament and the 
resultant changes in wind divergence and stress curl are important in the study of 
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4.9 Alongshore wind stress, Wind Stress Curl and the significant upwelling. 
In this section, the variability of the alongshore and across-shore winds and the wind stress 
curl will be investigated and an attempt will be made to explain the significant and highly 
localized upwelling event of July 2005 over the Somali coast. 
4.9.1 Variability of the alongshore and across-shore winds. 
Both the meridional and zonal wind stress at the upwelling region rotated by 40° (angle of 
coastline orientation) to get alongshore and across-shore wind stress were investigated to 
assess their strengths during the period 26 June - 30 July 2005. Figure 4.11 shows the 
variability of these wind stresses during that period. 
The alongshore plots (left panels) show strong wind stresses over the western Indian ocean 
up to the Horn of Africa throughout the whole of the period with the weeks ending 9 and 
16 July depicting stronger winds south of the upwelling region. The week ending 23 July 
shows a weakening of these wind stresses. 
The across-shore wind stresses (right panels) were highly variable over the region north of 
the cold filament up to the Horn of Africa during the period. They were strong during the 
first week and weakened in the next three weeks to reach minimum strength on the fourth 
week. The region south of the cold filament was characterized by weak across-shore wind 
stress throughout the period. 
Wind stresses over the cold filament were weak throughout the period for both the across-
shore and alongshore components. 
Fig. 4.12 shows a horizontal feature of a thermal front during July of 2005 constructed 
from NOAAINCEP reanalysis. A maximum offshore gradient appears to be concentrated 
between latitudes 4-S~ with maximum average positive temperature anomalies of about 











Differing thermodynamic properties of land and sea induce large offshore temperature 
gradients over the area of study as shown in Fig.4.12. An interior heat dome on the land is 
contrasted with cool air which is mixed over the upwelling region during July of 2005. 
High pressures resulting from the cooler temperatures over the ocean and low pressures 
due to the warmer temperatures over land induce the strong offshore pressure gradient 
which was particularly high during the third week of July. 
A box average plot of the sea-level pressure index between two boxes, one at 2.5 - 5.0oN, 
50.0 - 52.50E and the other at 2.5 - 5.0~, 42.5 - 45.0oE (shown as green boxes in 
Fig.4.12) was constructed to assess the variability of the cross-shore pressure gradient 
during 2005. The pressure gradient plot (Fig. 4.13) depicts high gradients around mid July. 
This onshore pressure gradient strengthened the alongshore winds during the period of 
significant upwelling. 
The strong geostrophic flow associated with this pressure gradient and weak Coriolis effect 











4.9.2 Wind stress curl and upwelling. 
The spatial variability of the wind stress curl is displayed in Fig. 4.14 which shows weekly 
plots of Wind Stress Curl from 26 June - 30 July 2005. 
The results display a slow build up of positive wind stress curl over the upwelling region 
from week one to the fourth. Close observation of the wind stress curl contours during the 
week ending 23 July shows a relatively strong and localized positive curl (shown in red 
circle) with negative values upstream. The low resolution of the satellite data along the 
coast slightly obscures this. 
The deceleration of the winds upstream of the cold filament from 15ms- 1 on the first week 
ending 2 July and weakening to less than 5ms- 1on the week of the significant upwelling 
lead to changes in both the wind divergence and curl fields. This explains the relatively 
strong wind stress curl patterns over the region during the week of 17-23 July 2005. 
Consistent with the direct relationship between the mesoscale speed of the jet and SSTs, a 
wind stress curl dipole forms over the cold filament with positive on the upstream and 
negative on the downstream of the zonally oriented part of the filament. Positive (negative) 
wind stress curl is a measure of upwelling (downwelling). 
As the winds cross the cold filament, they decelerate upstream and accelerate downstream 
resulting in convergence and divergence respectively. This convergence (divergence) in 
the lower atmosphere leads to mesoscale oceanic divergence (convergence) and hence 
upwelling (downwelling) in the coastal ocean. 
Chelton et al.,(2001a) found that over a cold filament the wind stress convergence and 
divergence are locally strongest where the wind blows parallel to the SST gradient 
(perpendicular to the isotherms). This situation could have also occurred during the week 
ending 23 July when the cold filament had a horizontal inclination on its shoreward end 











In this study, the region of enhanced positive curl corresponds with the position of the cold 
filament during the week ending 23 July. High curl values result in uplifted doming of the 
thermocline due to strong vertical velocities driven by Ekman pumping, with vertical 
mixing bringing cool thermocline water to the surface. 
The strong convergence in the lower atmosphere due to the significant deceleration of the 
winds upstream of the cold filament is expected to have enhanced the upwelling due to the 












It has been seen that the alongshore winds strengthened throughout the three weeks leading 
up to July 23, 2005. Strong alongshore winds during the period can also be deduced from 
the high pressure gradients depicted on the sea level pressure index plot. From the SST 
plots, panels a, band c, Fig 4.9, it can be seen that there was a continuous build up of the 
cold SST filament throughout these three weeks. 
During the period of study, strong winds - SST co-variability was evident with cold 
(wann) SSTs being coincident with locally weak (strong) winds. As a result, strong 
convergence and divergence of the near-surface wind occurred upstream and downstream 
of the cold filament respectively. A wind stress curl dipole formed over the filament with 
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Summary and Conclusions 
During boreal summer, the Somali current forms as a western boundary current in response 
to the southwest monsoon. It turns east and south-eastwards at around 4-SoN and further 
north at around I 0-12~ to form the 'Southern Gyre' and the 'Great Whirl' eddies 
respectively. Due to the strong northern summer winds off the Somali coast, referred to as 
the Somali jet, offshore drifts of surface waters are established east of the coast at both 
positions of the Gyre and the Whirl. Simultaneously, the SSTs at the shoreward shoulders 
of these eddies, whe re the offshore drifts occur, drop as the thermocline is lifted by 
localized Ekman suction and upwelling. This thesis set out to investigate the 
characteristics of mesoscale wind fields over the southern upwelling region of the Horn of 
Africa. Although the synoptic wind patterns of the southwesterly monsoons responsible for 
the upwelling are fairly well understood, the spatial and temporal variability in local winds 
reSUlting from the adjustment of the large scale flow to regional thermal gradients is less 
well understood and it is this aspect that has been examined in this thesis through analysis 
of an identified significant southern upwelling event. 
Previous studies have shown that the cross-equatorial low-level jet (Somali jet) on the East 
African coast is forced by low-level divergence in the subtropical high-pressure belt over 
the South Indian Ocean and convergence in the monsoon trough over India (Anderson, 
1976; Hart, 1977; Cadet and Desbois, 1981) and has a quasi-biweekly oscillation 
[Krishnamurti et aI., 1976; Joseph and Sijikumar, 2004]. The jet is modulated by the 
movement of the Intertropical Convergence Zone (ITCZ) and the East African topography 
(Gatebe et aI., 1999). Weakening of the jet is related to a wind discontinuity to the east of 
Madagascar, due to fluctuations of midlatitude weather systems to the south which pulse 
the trade winds (Cadet and Desbois, 1981). These fluctuations drastically reduce the flow 











The mesoscale winds over the region, on the other hand, are driven by local topographic 
and thermal contrasts. Large temperature gradients exist between the land and the ocean 
during July over the region (Hart et aI., 1978) indicating that the effect of localized land-
sea heating contrast is present in the pressure field and, consequently, the wind field. Over 
the ocean, strong thermal gradients exist between the cold SST upwelling region and warm 
waters upstream and downstream. 
Based on the Hovmuller and surface plots, a highly localized significant upwelling event 
characterized by cold sea surface temperatures of below 22°C was identified around 
4.75~ during the week 17-23 July 2005. The cold filament had a clear southeastwards 
curve orientation with a longer spatial extent offshore. This event was then selected as a 
case study and the temporal and spatial variability of the winds over the region during a 
period of five weeks from 26 June - 30 July 2005 were investigated. Because station 
observations in the region are very limited, 10m QuikSCA T winds, TMI SSTs and sea 
level pressure from NCEPINCAR were used to undertake the investigations. 
From the continuous wavelet analysis, it can be concluded that the Somali jet has three 
significant modes of variations on time scales of weeks to a year; annual, semiannual and 
intraseasonal. The intraseasonal mode of oscillation ranging from 2-7 weeks was identified 
throughout the period under investigation from July 1999 to May 2007. Significant power 
at the intraseasonal frequencies occurred during July 2005 with the frequency of 
oscillations being three to seven weeks. This indicates that the jet was oscillating at lower 
frequencies during this period than the bi-weekly mode observed in earlier studies e.g 
Krishnamurti et al. (1976) and others. 
The spatial variations of the winds over the upwelling region were investigated from wind 
vector plots extracted from QuikSCA T weekly data for the weeks ending on 2nd , 9th , 16th , 
23 rd and 30th July 2005. During the period 26 June -30 July 2005, the QuikSCA T plots 
indicate that winds over the Somali coast weakened steadily south of the cold filament to 











Upstream of the filament, the winds remained relatively strong throughout the period 
weakening on the week ending 23 July. The alongshore wind stress shows stronger values 
than the across-shore component throughout the period. These winds increased for three 
weeks from late June to mid July 2005. However the winds weakened significantly during 
the fourth week (ending 23 July). The corresponding SST plots show that there was a 
continuous build up of the cold SST filament throughout the first three weeks. The 
filament had a larger spatial extent in the fourth week, ending 23 July. During the same 
period, strong alongshore winds were deduced from the high pressure gradients depicted 
on the sea level pressure index plot 
The spatial winds also exhibited high co-variability with the SSTs over the period. This co-
variability of the SSTs and winds occurs as a result of the changes forced by SSTs on the 
atmospheric stability leading to vertical shear adjustment. Over warmer SSTs, the unstable 
atmosphere brings down high winds from above the boundary layer leading to an 
acceleration of the surface winds. Over cold waters on the other hand, a stable atmosphere 
decelerates the surface winds. These observations were hypothesized by Wallace et at. 
(\ 989) and confirmed by Chelton et al. (200Ia). The mesoscale changes in speeds as the 
winds cross over the cold filament result in changes of wind convergence and divergence 
upstream and downstream of the cold filament respectively. A wind stress curl dipole 
forms over the filament as observed in the plots with positive curl upstream. 
From these observations, it can be concluded that from 26 June - 30 July 2005 the Somali 
jet oscillated at a lower frequency than the observed bi-weekly mode. It exhibited strong 
alongshore winds from the week ending 2 July to that ending 16 July and these winds 
could have been enhanced by the strong offshore pressure gradient. These strong winds are 
believed to have contributed to the strong upwelling seen in the week ending 23 July 
through the strengthening of the Ekman pumping. This is confirmed by the SST plots, 











The Somali current is expected to have strengthened during the first three weeks of the 
study period due to the strong alongshore winds. The subsequent significant weakening of 
the winds during the fourth week of 23 July is assumed to have decelerated the current 
with the result of it turning east and southeastwards over the upwelling region around 4-
5~ to form the Southern Gyre. A cold wedge of upwelled waters then developed along 
the gyre's shoreward shoulder. This gyre organized the upwelling into a cold filament by 
advecting the cold coastal upwelled waters offshore, first eastward and then to the south. 
This mechanism gave the filament its southward curve seen during this week. 
The strong wind - SST co-variability observed during the study period with cold (warm) 
SSTs being coincident with locally weak (strong) winds is expected to have resulted in 
strong low-level convergence and divergence of the winds upstream and downstream of 
the cold filament respectively. A wind stress curl dipole formed over the cold filament with 
positive curl upstream. 
It is hypothesised here that the eastward turning of the current, which resulted in 
strengthened Ekman transports, and the existence of strong local atmospheric convergence 
and cyclonic (positive) wind stress curl, which corresponds with local oceanic divergence, 
strengthened the upwelling and generated the observed highly localized pool of cold waters 
during the week ending 23 July 2005. 
The results in this thesis suggest that strong southern upwelling near 4-50N on the East 
African coast occurs when the Somali jet undergoes oscillations with lower frequencies 
than those of bi-weekly range observed in previous studies. In these circumstances, there is 
a prolonged period of an active jet followed by significant weakening of the winds in the 
beginning of a break phase. It has been suggested in this thesis that during the transition 
period of prolonged active/break period of the jet, coupled with wind-SST co-variability, 
strong atmospheric convergence is realised over the southern upwelling region leading to 











The Indian monsoon has been seen to undergo intraseasonal variations (e.g. Krishnamurti 
et aI., 1976 and others). In studies of this monsoon, 5 - 15-day oscillations in the Somali jet 
were observed (e.g. Murakami, 1976). These near quasi-biweekly oscillations of the jet 
have been found to be related to similar oscillations in rainfall over India associated with 
break and active monsoon phases, with cross-equatorial winds being stronger during a 
strong monsoon than a weak one. A correlation has been found between rainfall over the 
western coast of India and the intensity of low-level equatorial winds over Kenya. Further 
studies have shown that a break of the monsoon rain over India occurs when the wind 
intensity is weak along the East African coast. 
These observations suggest a need to look at the relationship between a strong southern 
Somalian upwelling event, the Indian monsoon and rainfall over the coastal region of 
Kenya. The hypothesis is that the occurrence of significant southern upwelling may be 
related to the rainfall over the coastal region of Kenya due to the significant weakening of 
the jet and atmospheric convergence over the region. Hence this forms the 
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